Introduction
============

Various drugs are administered simultaneously for anesthesia and surgery. When combined, such drugs may share a common adverse effect that is clinically insignificant when each drug is given separately. Local anesthetics can be used regionally or intravenously for perioperative pain control, and to prevent surgical site infection, antibiotics are administered before anesthesia \[[@B1]\]. In the perioperative period, some patients may receive combinations of therapeutic doses of the above drugs as well as a neuromuscular (NM) blocker. Unfortunately, these drugs all inhibit NM conduction.

Like other noncompetitive inhibitors, bupivacaine exerts its depressing action on acetylcholine receptors (AChRs) by reducing the amount of time that an ion channel is open without changing maximal agonist binding, and it precludes NM conduction \[[@B2]\]. Clindamycin produces an open ion channel block on AChRs in the end-plate \[[@B3]\] and decreases ACh release at the motor nerve terminal \[[@B4]\]. Thus, it prolongs or enhances NM block caused by nondepolarizing NM-blocking drugs (NMBD) \[[@B5]\]. Gentamicin acts like a calcium channel blocker, decreasing ACh release from the motor nerve terminal and depressing muscle contraction \[[@B6]\].

The potencies for single twitch (ST) inhibition are 50.3 µM for bupivacaine \[[@B7]\], 24.6 mM for clindamycin, and 1.3 mM for gentamicin \[[@B8]\]. The potencies for an increase in tetanic fade (TF) are 11.4 µM for bupivacaine \[[@B7]\], 9.9 mM for clindamycin, and 1.45 mM for gentamicin \[[@B8]\]. The potencies of the three drugs are far beyond their clinically therapeutic concentrations.

However, when they are administered together with rocuronium, they may synergistically interact to augment rocuronium-induced NM block at their clinical concentrations. If the combined administration of rocuronium, bupivacaine, clindamycin, and gentamicin were to occur in a patient perioperatively, this could trigger impairment in spontaneous ventilation, requiring prolonged assisted ventilation \[[@B9]\].

Thus, the aim of this study was to investigate whether combinations of the four drugs, at near-clinical concentrations, potentiate the rocuronium-induced NM block in rat phrenic nerve-hemidiaphragm preparations.

Materials and Methods
=====================

The Institutional Animal Care and Use Committee approved the experimental protocol. All experimental courses followed the Guide for the Care and Use of Laboratory Animals provided by the National Academy of Sciences. Fifty-seven male Sprague-Dawley rats (5-7 weeks in age and 150-250 g in weight) were anesthetized by a paravertebral injection of propofol (50 mg/kg) at the lumbar level and then sacrificed. The phrenic nerve and diaphragm were excised together, and the left diaphragm was separated. Left phrenic nerve-hemidiaphragm preparations were hung in a 20-ml organ bath that was filled with Krebs solution (118 mM NaCl, 5 mM KCl, 2.5 mM CaCl~2~, 30 mM NaHCO~3~, 1 mM KH~2~PO~4~, 2.5 mM MgSO~4~ and 11 mM glucose).

The bath solution was maintained at 32℃ by continuously circulating heated water in the space between the double walls and aerating it with a gas mixture of 95% oxygen and 5% carbon dioxide. The pH of the solution was maintained at 7.38 to 7.42. Spent Krebs solution was exchanged with fresh solution at 10-minute intervals. The preparation was attached to a force transducer (Model 1030, UFI, Morro Bay, CA, USA) with a stainless steel wire and allowed to stabilize for another 20 min, maintaining a phrenic nerve stimulation of 0.1 Hz. The phrenic nerve, connected to an electrode, was stimulated with supramaximal square wave impulses of 200 µs in duration using an electrical stimulator (Model ML112, ADInstruments Pty Ltd, Bella Vista, NSW, Australia).

The diaphragm muscle was stretched until the maximum output tension was measured after stimulation, followed by another 10 min for stabilization. At every drug concentration, a period of 20 min was allowed to pass to establish a pseudo-steady state between the solution and muscle tissue before tension measurements were made. Three consecutive ST tensions (0.1 Hz) and one tetanic tension (50 Hz for 1.9 s) were obtained before the addition of each drug and at each change of drug concentration. These tensions were then digitized and stored on a Power Macintosh 7100 (Apple Computer Corp, Cupertino, CA, USA) using data acquisition software (MacLab, ADInstruments Pty Ltd, Bella Vista, NSW, Australia).

Krebs solutions were premixed as follows: for concentration sets of bupivacaine and clindamycin phosphate, 0.0 and 0.0 (R alone, n = 5); 0.1 and 0.0 (B0.1, n = 5); 1.0 and 0.0 (B1, n = 5); 1.0 and 50 (B1 C50, n = 4); 2.0 and 50 (B2 C50, n = 3); 0.1 and 250 (B0.1 C250, n = 3); and 1.0 and 250 (B1 C250, n = 5) µM; for concentration sets of bupivacaine and gentamicin, 0.1 and 100 (B0.1 G100, n = 5); 0.1 and 50 (B0.1 G50, n = 6); 0.1 and 10 (B0.1 G10, n = 4) µM; and for concentration sets of bupivacaine, clindamycin, and gentamicin, 1.0, 20, and 10 (B1 C20 G10, n = 4); 1.0, 10, and 5 (B1 C10 G5, n = 3); and 0.5, 10, and 5 (B0.5 C10 G5, n = 5) µM. Then, the concentration of rocuronium was cumulatively increased in the Krebs solution (1, 3, 5, 7, 9, 12, 14, 16, 18, and 20 µM) until an 80% to 90% inhibition in ST was achieved. After data acquisition was completed, the drugs tested in the bath chamber were washed out with fresh Krebs solution, and an ST tension was recorded in a drug-free solution. Data from a preparation were analyzed only if the ST tension of the preparation returned to a value greater than 90% of the baseline.

Mean ST tension was calculated by averaging three consecutive measurements. Peak tetanic tension (PTT) was measured at 0.2 s after the start of the tetanic stimulation for an ascending tetanic tension or at the peak point for a fading tetanic tension. The effect of the drugs on ST, PTT, and TF was presented as a percent reduction of the baseline for ST or PTT and as a normalized percent increase of TF (= 100 × (1 - \[100 - %increase of TF\] / \[100 - %increase of TF in baseline\])) \[[@B8]\]. The effective concentrations (EC) of rocuronium for ST and TF were determined by the probit model, and the concentration-response curves of rocuronium for ST and TF were plotted.

The EC~50~s of rocuronium given at different concentration sets were compared using the Student\'s t-test with Bonferroni\'s correction to adjust the significance level. Differences were considered significant when P \< 0.05.

Results
=======

Based on the concentration-response (C-R) curves of rocuronium for bupivacaine and clindamycin ([Fig. 1](#F1){ref-type="fig"}), to reduce ST, 1 µM or 2 µM bupivacaine increased the potency of rocuronium, and the combination of 250 µM clindamycin and 0.1 µM or 1 µM bupivacaine shifted the C-R curves of rocuronium to the left ([Fig. 1A](#F1){ref-type="fig"}). To inhibit ST, the potency of rocuronium in combination with 1 µM bupivacaine and 250 µM clindamycin was stronger than the combination of 2 µM bupivacaine and 50 µM clindamycin ([Fig. 1A](#F1){ref-type="fig"}). To increase the TF, 1 or 2 µM bupivacaine and the combination of 0.1 µM bupivacaine and 250 µM clindamycin increased the potency of rocuronium ([Fig. 1B](#F1){ref-type="fig"}). Unexpectedly, to increase the TF, the combination of 1 µM bupivacaine and 250 µM clindamycin had a similar effect on the potency of rocuronium to that of 1 µM bupivacaine ([Fig. 1B](#F1){ref-type="fig"}). For the ST and TF, clindamycin at a concentration of 50 µM failed to move the C-R curve of rocuronium to the left ([Fig. 1A and B](#F1){ref-type="fig"}).

Based on the C-R curves of rocuronium in 0.1 µM bupivacaine and gentamicin ([Fig. 2](#F2){ref-type="fig"}), to depress ST, 50 or 100 µM gentamicin shifted the C-R curve of rocuronium to the left ([Fig. 2A](#F2){ref-type="fig"}), and to augment TF, 100 µM gentamicin shifted the C-R curve to the left ([Fig. 2B](#F2){ref-type="fig"}). Bupivacaine at the concentration of 0.1 µM failed to move the C-R curve of rocuronium ([Fig. 2A, and B](#F2){ref-type="fig"}).

Based on the C-R curves of rocuronium for bupivacaine, clindamycin, and gentamicin ([Fig. 3](#F3){ref-type="fig"}), to inhibit ST, the combination of 1 µM bupivacaine, 20 µM clindamycin, and 10 µM gentamicin caused a larger decrease in the EC~50~ (half maximal effective concentration) of rocuronium than that caused by 1 µM bupivacaine alone ([Fig. 3A](#F3){ref-type="fig"}). To enhance TF, all combinations of bupivacaine, clindamycin, and gentamicin caused a larger decrease in the EC~50~ of rocuronium than that caused by 1 µM bupivacaine alone ([Fig. 3B](#F3){ref-type="fig"}).

When measured for the same combination set, the specific EC of rocuronium that reduces ST was greater than the specific EC that increases TF.

Discussion
==========

Several types of electrical stimulations to motor nerves are used to evaluate the neuromuscular pharmacology of drugs: ST, tetanic, and Train Of Four stimulations. Each type brings different mechanisms into operation for the conducting NM junction. Thus, the modification of muscle contraction caused by a mode of electrical stimulation suggests that some intervention must modify some mechanism in NM conduction. Therefore, it is worthwhile to investigate which mechanism is involved in reducing ST and PTT or increasing TF.

A certain amount of acetylcholine (ACh) from the motor nerve end is released by ST stimulation and binds AChRs in the end-plate \[[@B10]\], eliciting a single muscle contraction called ST. From this, the inhibition of ST can be produced pre- or postsynaptically, as follows: decrease the store of readily releasable ACh and decrease the secretion of ACh in the active zones, followed by the occlusion and desensitization of AChRs \[[@B10]\].

Tetanic stimulation causes ACh to accumulate in the synaptic cleft; the accumulated AChs act on presynaptic ACh receptors in a positive feedback manner \[[@B11]\] and increase intracellular calcium ion concentration (\[Ca^2+^\]~i~) at the motor nerve end. Finally, increased \[Ca^2+^\]~i~ enhances the synthesis of ACh \[[@B10],[@B12]\]. Normally, tetanic stimulation produces an ascending tetanic contraction. An ascending tension consists of two components: early secretion of ACh from a store of readily releasable ACh in the active zones \[[@B10]\] and an ensuing secretion of ACh from the mobilization of AChs \[[@B13]\].

The rapid decay in the amplitude of the first 10 end-plate potentials seen in the beginning of a tetanus can be ascribed to the decrease in the store of readily releasable AChs in the active zones \[[@B14]\]. According to this finding, the early part of the tetanic tension (about 10 impulses \[0.2 s\] in 50 Hz of tetanic stimulation) would be equivalent to a tension, which is produced by ACh released from a store of readily releasable AChs. Therefore, we measured a tension either at 0.2 s after tetanic stimulation for an ascending tetanic tension or at a peak point within 0.2 s for an unsustained one; we termed this peak point PTT. Accordingly, the inhibition by an NM blocker of PTT may be associated with a presynaptic reduction in the store of readily releasable AChs in the active zones. Moreover, because ACh should bind AChR to cause tetanic tension, the inhibition of PTT may also be relevant to the number of available AChRs postsynaptically.

A tetanic stimulation mobilizes the preformed acetylcholines that attach as vesicles at the skeletons in the nerve endings and enhances the synthesis and mobilization of new AChs \[[@B10]\]. The ensuing release of ACh maintains the later part of the tetanic tension during a tetanic stimulation \[[@B13]\]. Unlike an ascending tetanic tension, a tetanic tension can descend its amplitude during a tetanus after applying an NM blocker. The descending tension is termed TF. Possible mechanisms of TF include depressing ACh mobilization during tetanic stimulation \[[@B11]\], reducing the mean length of time that the AChR-ion channel complex is open by blocking the open ion channels \[[@B2],[@B15]\], and decreasing the available AChRs by occlusion and desensitization \[[@B16]\].

In this study, 0.1 µM bupivacaine failed to augment the potency of rocuronium, but 1 or 2 µM bupivacaine did augment it. The mechanism of bupivacaine may be that it inhibits the ion channel of AChR from opening \[[@B17]\], multiplies the inactive form of AChR \[[@B2]\], reduces the mean length of time that the ion channel of AChR is open \[[@B15]\], or depresses ACh synthesis presynaptically \[[@B18]\]. In addition, bupivacaine has been shown to potentiate vecuronium-induced NM blockade \[[@B19]\]. Finally, 1 or 2 µM bupivacaine seems to potentiate rocuronium-induced NM block.

From the combination of bupivacaine and clindamycin, 50 µM clindamycin had no significant effect on NMB caused by rocuronium, but 250 µM clindamycin had significant effects. Clindamycin \[[@B3],[@B4]\] presynaptically reduces the quantal content of the end-plate potential and postsynaptically blocks the open state of the end-plate ion channel of AChR. In terms of clinical characteristics, case studies have reported profound clindamycin-induced NMB \[[@B20]\], and clindamycin creates a prolonged blockade of non-depolarizing muscle relaxants \[[@B5]\]. Based on this study\'s finding that the effect of clindamycin on rocuronium occurred in the presence of bupivacaine, clindamycin inhibits NM conduction.

The combination of 1 µM bupivacaine and 250 µM clindamycin shifted the C-R curve for TF to a lesser degree than the C-R curve for ST. In other words, they augment the rocuronium-induced inhibition of ST, as well as the rocuronium-induced increase of TF, although to a lesser extent. The reason for this phenomenon may be unknown. In fact, at low concentrations, bupivacaine or clindamycin enhance ST \[[@B7],[@B21]\]. Because the potency of rocuronium for TF is greater than that for ST \[[@B7]\], rocuronium at high concentrations for ST may depress the enhancement by bupivacaine and clindamycin to a greater extent compared with rocuronium at low concentrations for TF. This issue requires further investigation.

From the combination of 0.1 µM bupivacaine and gentamicin, rocuronium-induced NMB was enhanced with increasing concentrations of gentamicin. Gentamicin-induced NMB results from blocking the voltage-dependent calcium channels and decreasing the release of Ach at the motor nerve terminal \[[@B6]\]. Gentamicin reduces the end-plate potential \[[@B22]\], potentiates non-depolarizing NM blockers \[[@B23]\], and worsens symptoms of myasthenia gravis \[[@B24]\]. Therefore, gentamicin seems to interrupt NM conduction.

In a mixture of bupivacaine with 50 µM clindamycin or 10 µM gentamicin, the clindamycin or the gentamicin fails to increase the potency of rocuronium. Together, the 3 drugs at doses of 1 µM bupivacaine, 20 µM clindamycin, and 10 µM gentamicin move the C-R curves of rocuronium to the left of those for 1 µM bupivacaine alone. The more drugs that are applied, the lower their concentrations become in increasing the potency of rocuronium. This finding seems to suggest synergistic interactions between the drugs.

The situation that arises when drugs do not share receptors-that is, do not interfere with each other-is called mutual nonexclusivity. Mutually nonexclusive drugs form intrinsic synergistic effects \[[@B25]\]. The four drugs examined here, including rocuronium, may act on different sites in the AChR ion channel complex and have different mechanisms for blocking NM connection. Bupivacaine inhibits the ion channel of AChR from opening; clindamycin blocks the end-plate ion channel of AChR; gentamicin blocks the voltage-dependent calcium channels at the motor nerve terminal; and rocuronium binds AChR presynaptically and postsynaptically. Thus, as more drugs become involved in modifying NM conduction, they reduce each other\'s concentrations to a lower extent.

With regard to therapeutic concentration and protein binding, the maximal therapeutic concentration of gentamicin or clindamycin is 12 µg/ml (≒ 21 µM) or 17 µg/ml (≒ 34 µM), respectively \[[@B22]\]. The percent protein binding of gentamicin is low and likely has negligible clinical significance \[[@B26]\]; based on this fact, the concentration of unbound gentamicin is close to the plasma concentration. The mean protein binding of clindamycin increased from 62.4% at 10 µg/ml to 81.2% at 2 µg/ml \[[@B27]\], and, thus, the concentration of unbound clindamycin may be at least 40% within the concentrations studied. In a study on continuous epidural infusion of bupivacaine with an infusion rate of 25 mg/h, a maximum plasma concentration of 0.9 mg/L (2.8 µM) was reached at the end of the infusion \[[@B28]\]. The free fraction for bupivacaine was 4.8%, independent of the dose \[[@B28]\], and the maximum concentration of free bupivacaine, thus, was 0.14 µM.

The EC~50~ of rocuronium for ST is approximately 1 µM in the adductor pollicis of patients. The potency in the diaphragm is about 2 times lower than that in the adductor pollicis in a human study and, thus, may be approximately 2 µM rocuronium. The EC~50~s of rocuronium for ST and TF are 15.4 µM and 5.9 µM in the rat diaphragm, respectively. The EC~50~ in the diaphragm for ventilation may be lower because ventilation is a tetanic contraction \[[@B29]\]. Airway muscles involved in protecting the airway against obstruction, aspiration, or both are the most susceptible to muscle relaxants \[[@B30]\]; recovery of ventilation cannot guarantee the ability of airway protection. It is likely that the EC~50~ in muscles that protect the airway is less than 1 µM rocuronium, and the maintenance of airway patency requires the sustained tensions of the muscles. Therefore, the EC~50~ of rocuronium for airway patency may be lower. Moreover, the other NM blockers studied here, at their unbound therapeutic concentrations, may further reduce the EC~50~ of rocuronium for airway muscles.

TF indicates the ratio of end tetanic tension (ETT) to PTT and, thus, fails to represent accurately the variation in ACh mobilization in the nerve terminal. However, ETT appears to determine the amount of ACh synthesis more directly. Therefore, it seems natural that TF should be used to show the presence of an NM blocker. From this point of view, we recommend that PTT and ETT be used to determine the variation in the stores of readily releasable AChs in the active zones, as well as ACh synthesis for replenishing new AChs.

In conclusion, bupivacaine, clindamycin, and gentamicin have in common an NM-blocking action; when these drugs are applied simultaneously, they augment rocuronium-induced NM block at their near-therapeutic concentrations. Clinicians should be aware of the cooperativity in NM block between drugs that interrupt the NM conduction.
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